In this paper, wave propagation through Sonneratia sp. mangrove forest in waters of varying depth is considered. The modified mild-slope equation that accounts for wave dissipation in mangrove, as recorded in Vo-Luong and Massel (2008) is used here. In that formulation dissipation effect are accounted from two dominant mechanism: wave breaking and wave interaction with mangrove. Finite difference method is implemented to approximate the mild-slope equation and Sonneratia sp. mangrove parameters are used to calculate the wave amplitude in mangrove area. The results, demonstrate wave energy reduction in mangrove in terms of wave heights and wave spectrum. Moreover, analysis of reflection and transmission
Introduction
Mangroves are tropical vegetation that generally grows in coastal intertidal areas. Mangroves as an ecosystem have distinctive physical characteristics that play an important role in stabilizing the shoreline and dampening high waves, including tsunamis, see Asano (2008) Field measurements study indicates that large wave reduction generally occurs at altitudes where the water reaches the leaves of the dense mangrove. The rate of wave reduction also depends on the age of trees, species, vegetation density, incoming wave height, the thickness of the forest, and mangrove forests structures, see Bao The damping rate of the wave energy depends on the characteristics of vegetation, as described in the mathematical model developed by Massel et al. (1999) , see also Hadi et al. (2003) . Additional effect of bottom friction is discussed in Dean and Bender (2006) and the effect of varying water depth is considered in Mendez and Losada (2004) and in Vo-Luong and Massel (2008) . Since the wave energy dissipation depends strongly on the characteristics of the vegatation, in this paper we focus on the estimation of wave energy dissipation in Sonneratia sp. mangrove forest. And we use the modified mild-slope equation as proposed by Vo-Luong and Massel (2008).
Mathematical Model
In this section, we formulate the mathematical model used in this paper. The area of study is mangrove forest over a varying depth
x-axis is directed perpendicular to the mangrove front and the z-axis has an upward positive direction, with the center coordinate located at the mean sea levels, see Figure 1 .
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Mild Slope Equation
Vo-Luong and Massel (2008) develop a mathematical model to predict wave propagation through mangrove forests in waters of arbitrary depths. This model is used here to analyze wave damping in Sonneratia sp. mangrove. For the sake of clarity, here we first recall the mathematical model for wave dissipation in mangrove. Wave interaction with mangrove, and water depth variations are two dominant aspect of energy dissipation for propagating waves in mangrove area. Energy dissipation due to bottom frictions is ignored, because it is much smaller.
As described in Vo-Luong and Massel (2008) the potential velocity in mangrove area can be presented in the form of
  corresponds to the non-dimensional wave amplitude. Further, damping mechanism in mangrove area is governed by the so-called mild-slope equation
respectively. In the above formulas
and 
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In formulas above, k is the wave number related with wave frequency  according to the dispersion relation
In (  and i  are dissipation due to wave breaking and wave interaction with mangrove, respectively. According to [19] , those dissipation coefficients are defined as 
In formulas above, several notations are as follows:  is the empirical coefficient describing the deviation of the actual wave breaking, h the water depth, g the acceleration due to gravity, C the phase velocity, g C the group velocity.
Moreover, rms H is the root mean square height, e f the linearization coefficient, 
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Refering to Vo-Luong and Massel (2008) , boundary condition at 0 x  resulting from continuity of pressure and horizontal flux is as follows
where p n is the mangrove porosity, and 0 k the wave number of incoming wave.
In the same way, boundary condition at x L  read as
where L k is the wave number of transmitted wave at x L  . Applying the continuity of pressure at 0 x  and x L  also result in the reflection and transmission coefficients R K and T K as follows
In the next subsection we solve the mild-slope equation (2) with boundary conditions (12) and (13).
Finite Difference Formulation
In this section, the mild-slope equation in mangrove (2) is solved using the finite difference method. Consider a computational domain 0 x L   which is divided into N sub interval with length / x L N   , with partition points:
We define the following notation
Applying center difference scheme to approximate x  and xx  , the mild-slope equation (2) reads as
For 1 j  , the discrete equation (17) contains the missing value 0  . This value can be obtain from the discrete formulation of the boundary condition (12) read as
Analogously, the other missing values 2 N   can be obtained from the discrete formulation of equation (13)
After rearrangement, equation (19) can be represented in a matrix form as follows: 
with diagonal elements 
Then, the linear system of equation (20) is solved using the Cholesky method (Haggerty, 1972) . We note here, iterative method like LU-factorization were unsuccessful because the matrix coefficients in equation (20) admits relatively small eigenvalues that causes slow convergence.
Wave Energy Dissipation in Mangrove
In this section the approximated form of mild-slope equation is used to estimate wave energy dissipation in mangrove. We restrict our discussion on wind generated wave. Wave energy reduction are presented in terms of significant wave heights, reflection and transmission coefficients, and wave spectrum.
Model Inputs
The following inputs will be used: characteristic of incoming wave; depth profiles; and characteristics of mangrove forests. We use the wind generated incoming wave, as in Massel et al. (1999) 
where s H is the significant wave height, 
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We use topography profile which is a smooth transition between two different depths from 2 m to 0.5 m, taken as     0.5 1 sin 50 2 1 0 0
For Sonneratia species that have roots like chicken foot, located on the bottom, we assume the trunk to be vertical and in the model, one ocean layer is considered. In order to observe the effect of various mangrove parameters, two trunk diameters 0.02 D  m and 0.08 m will be used. For each model, two different forest densities are considered. In Low density mangrove N = 1 tree/m 2 , and high density mangrove N = 16 trees/m 2 . For simulation, the width of mangrove forest is taken to be L = 100 m.
Significant Wave Heights
In this sub section, significant wave heights in mangrove forests are calculated. Parameters of Sonneratia sp. mangrove are used, and the result are shown in Figures 2 and 3 . These two figures show the changes of significant wave height. We observe that in low density forests, the wave height first increases then it decreases due to wave breaking. It was also apparent that the wave damping due to varying water depths is dominant. For the incoming wave height of 0.5 m, the significant wave height starts to decrease drastically at a distance of 87 m from the mangrove front. However, for the incoming wave height of 1 m, the significant wave height decreases earlier at a distance of 57 m from the mangrove front.
In high density mangrove, wave energy damping is dominated by interaction with mangrove plants. Shoaling effects did not occur because mangroves quickly reduce the incoming wave. It was also apparent that the damping rate of wave energy in mangrove intensifies with increasing density of the forest.
From Figure 2 in high density mangrove, the significant wave heights calculated using trunk diameter 0.08 D  m is much lower than the same curve calculated using trunk diameter 0.02 D  m. Similar behavior also holds for low density mangrove. Hence, larger trunk diameters seems to increase the wave damping effect. Similar behavior is also observed for calculating using larger amplitude of incoming wave height, see Figure 3 . 
Reflection and Transmission Coefficients
Further, we calculate reflection and transmission coefficients of wave propagation in mangrove forest. Both of these coefficients depend on the solution of equation (20), which means that they rely on the mangrove morphology, bathymetry, and incoming wave conditions. From physical point of view, reflection coefficient R K describes the pace of the global reflectance from the mangrove forests; and transmission coefficient T K describes the global transmission rate passes through mangrove. Reflection and transmission coefficients provide information on the amount of reflected and transmitted wave energy by the mangrove. The amount of energy damped in mangrove can be determined using an energy equilibrium concept as follows
where dis K is dissipation coefficient by the mangrove. Table 1 shows the values of reflection and transmission coefficients, and also percentage of energy reduced in Sonneratia sp. mangrove forest with various parameters. As trunk diameter and mangrove density increase, reflection coefficient increases while transmission coefficient decreases. This implies that larger trunk diameters and higher mangrove density increasing the amount of reflected energy and decreasing the amount of transmitted energy. However, the amount of energy being reflected and transmitted by the mangrove are small compare to the amount of energy being dissipated inside the mangrove. In these simulations at least 79% of the wave energy are dissipated in the mangrove. It also appears that the magnitude of the damped wave energy increases with the increase of trunk diameter, forest density, and incoming wave heights.
In the model, with incoming wave heights of 0.5 m, the diameter increases from 0.02 m to 0.08 m, causing the wave energy damping to increase by 8.37% for a low density forest, and by 2.20% for a high density forest. Meanwhile, for the incoming wave height of 1 m, the wave energy damping also increases by 0.14% and 0.03%, for low and high density forest, respectively.
For incoming wave height of 0.5 m, the density increases from 1 tree/m 2 to 16 trees/m 2 , causing the wave energy damping to increase by 18.3% for the trunk diameter of 0.02 m, and 12.16% for the stem diameter of 0.08 m. Whereas, for incoming wave height of 1 m, the wave energy damping increases by 0.32%, and 0.17% for the model with 0.02 m and 0.08 m diameter, respectively.
An increase in wave heights from 0.5 m to 1 m, the wave energy damping increases by 20.35% for the trunk diameter of 0.02 m, and by 12.12% for the trunk diameter of 0.08 m. For low and high density forest, wave energy damping increases by 2.30% and 0.13%, respectively. 
Wave Spectrum
Aside from the significant wave heights and reflection and transmission coefficients, indication of wave attenuation in mangrove can also be observed from the wave spectrum. Wave spectrum in mangrove forests is presented in the form of a frequency spectrum as follows
where   in S  is the spectrum of the incoming wave with
Information about wave energy could also be drawn from the wave spectrum curve. Infact, area under the spectral density curve represents the total wave energy. Figures 4 shows the frequency spectra at different cross-sections in Sonneratia sp. mangrove forests which are calculated for low and high densities for incoming wave height of 0.5 m. Similar curves for incoming wave height of 1 m are given in Figure 5 . As the distance from the mangrove front grows, the spectral density curves are becoming flattened. The frequency spectrum curves are damped faster in higher density forest, bigger trunk diameter, as well as larger incoming wave height. 
Conclusion and Recommendation
The damping of wave energy propagating in mangrove has been estimated using the modified mild-slope equation. In this model, varying water depths and wave interaction with mangrove are considered as two dominant factors affecting wave energy damping. Wave attenuation in Sonneratia sp. mangrove forest are clearly observed and analyzed from the significant wave heights, reflection and transmission coefficients, and wave spectrum. The increase of stem diameters, forest density, and incoming wave heights can cause the wave energy damping to increase. Thus, wave energy damping depends on the characteristic of mangroves, incoming wave, and bottom topography. To gain a better model for predicting wave transmission in mangrove forests, verification of results from experiments in laboratories as well as field measurements are needed.
